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Acute lymphoblastic leukemia is the most common malignancy in children. Although it is
now curable in 80–90% of cases, patients withT-cell acute lymphoblastic leukemia (T-ALL)
experience a higher frequency of induction failure and early relapse. Despite aggressive
treatment approaches, including transplantation and new salvage regimens, most children
with relapsed T-ALL will not be cured. As such, we are in need of new targeted therapies
for the disease. Recent advances in the molecular characterization ofT-ALL have uncovered
a number of new therapeutic targets. This review will summarize recent advancements in
the study of inhibiting the NOTCH1, PI3K–AKT, and Cyclin D3:CDK4/6 pathways as thera-
peutic strategies for T-ALL. We will focus on pre-clinical studies supporting the testing of
small-molecule inhibitors targeting these proteins and the rationale of combination thera-
pies. Moreover, epigenetic approaches to modulate T-ALL are rapidly emerging. Here, we
will discuss the data supporting the role of bromodomain and extra-terminal bromodomain
inhibitors in human T-ALL.
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While cure rates for children with acute lymphoblastic leukemia
(ALL) have dramatically improved over the last several decades,
ALL still remains a leading cause of cancer-related death in chil-
dren. For adults with ALL, progress has been rather modest. One
high-risk ALL subtype, T-cell acute lymphoblastic leukemia (T-
ALL), accounts for 10–15% of pediatric and 25% of adult ALL
cases. Although treatment of T-ALL has improved, early relapse is
common and is almost invariably associated with poor prognosis.
Furthermore, a major challenge remains the lifelong morbidity
suffered by patients treated with current chemotherapy regimens.
We are in need of more effective and selective treatment strategies.
In this review, we will focus on emerging druggable opportuni-
ties in T-ALL: NOTCH1, BRD4/MYC, Cyclin D3:CDK4/6, and the
PI3K pathway.
NOTCH PATHWAY MUTATIONS
Notch signaling is a critical driver of T-cell differentiation (1),
specifically the commitment of lymphoid precursors to the T-cell
fate, as well as to subsequent thymocyte development (2–5). Thus,
it is not a surprise that aberrancies in Notch signaling are one
of the major oncogenic events in T-ALL. Gain-of-function muta-
tions in NOTCH1 are the most common genetic abnormalities
reported in T-ALL. Activating mutations of NOTCH1 are present
in 55–60% of T-ALL cases (6). Chromosomal rearrangements
involving NOTCH1 t (7;9)(q34;q34.3) have been characterized
in human T-ALL and lymphoma (7, 8), and NOTCH1 muta-
tions have also been reported in 5.3–20% of chronic lymphocytic
leukemia (CLL) (9, 10). Mutations that inactivate the Notch path-
way have been described in a number of human cancers, such as
chronic myelomonocytic leukemia (CMML) (11) and squamous
cell malignancies involving the skin, head, and neck (12, 13),
indicating that Notch signaling can be either oncogenic or tumor
suppressive depending on the cellular context. NOTCH1 encodes
for a transmembrane receptor activated through a series of prote-
olytic cleavage events. In normal mammalian signaling, canonical
NOTCH1 pathway activation relies on ligand-induced (Delta-like
1, 3, 4 or Jagged/Serrate 1 or 2) cleavage of the receptor that results
in release of the intracellular domain of Notch (ICN). This process
is mediated by γ-secretase, a multi-subunit protease complex that
cleaves single-pass type I integral membrane proteins at residues
within the transmembrane domain. ICN1 then translocates to the
nucleus, associates with other proteins as a member of a transcrip-
tion factor complex and initiates highly diverse transcriptional
programs that govern an array of cellular functions (1).
Notch receptors have a modular domain organization. The
ectodomains of Notch receptors consist of a series of N-terminal
epidermal growth factor (EGF)-like repeats, responsible for ligand
binding, followed by three LIN-12/Notch repeat (LNR) modules
that prevent receptor activation. Next, the heterodimerization
domain (HD) links the extracellular tail to ICN1, the domain
involved in transcriptional regulation. ICN1 consists of a RAM
domain, seven ankyrin (ANK) repeats flanked by two nuclear
localization signals (NLS), a transactivation domain (TAD), and a
PEST region that participates in protein degradation. The major-
ity of leukemogenic mutations are located in either the HD or
PEST domains (6). Notch activation through class I HD mutations
occurs by single amino acid substitutions or in-frame insertions
or deletions that reduce the stability of the LNR–HD complex and
generate a constitutively active, ligand-independent Notch protein
(6, 14). Class II HD mutations are longer insertions located at the
distal part of the HD domain that expose the proteolytic cleavage
site (S2) to the activity of the extracellular ADAM metalloprotease
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causing high levels of ligand-independent activation of NOTCH1
(6). A third class of mutation, juxtamembrane expansion mutants
(JME), are internal tandem duplications in the 3′ end of intron
27 and/or the proximal region of exon 28, which result in high
level of activation due to the increased separation of the HD–LNR
repeat complex from the membrane (15). In contrast, NOTCH1
PEST mutations delete the C-terminal part of the receptor impair-
ing the degradation of activated NOTCH1. Similarly, mutations in
FBXW7, a gene that encodes an ubiquitin ligase, mimic the effect
of NOTCH1 PEST deletions thus increasing the stability of ICN1.
Several studies strongly support the development of NOTCH1
inhibitors for targeted cancer therapy, particularly for T-ALL,
where recurrent NOTCH1 mutations are common and cancer
dependency has been well established (16–21). For example, sev-
eral reports have shown that transgenic expression of ICN1 leads to
the rapid development of aggressive T-cell leukemia/lymphomas
(7, 20). Furthermore, Demarest and colleagues demonstrated that
c-Myc expression cannot fully rescue a T-ALL tumor when Notch1
expression is extinguished in a transgenic mouse model indicat-
ing that tumor maintenance is dependent on oncogenic Notch
signaling (21).
Given NOTCH1’s important role in the pathogenesis of T-
ALL, and its activation through a series of proteolytic cleavage
events, it is a propitious target for drug development (Figure 1).
The first and most comprehensively studied approach to target-
ing NOTCH1 is the inhibition of the γ-secretase complex. γ-
Secretase inhibitors (GSIs) were originally identified in cell-based
drug screens for inhibitors of β amyloid production, considered
a causative event in the development of Alzheimer disease (AD).
Because the γ-secretase complex is a chemically tractable target,
several potent, orally available, brain penetrant small molecules
have been developed and tested in pre-clinical studies and in
humans with AD and cancer. Despite promising pre-clinical stud-
ies with the GSI MK-0752 in NOTCH1-mutated T-ALL cell lines
FIGURE 1 | Schematic representation of NOTCH1 signaling. The
Notch receptor is cleaved by furin (S1 cleavage) in the Golgi and then
matures to the cell membrane. In physiological conditions, the binding of
Delta or Jagged ligand to the Notch receptor initiates two consecutive
proteolytic cleavage events; the first is mediated by the ADAM protease
TACE and occurs on the extracellular side of Notch near the
transmembrane domain (S2). The second cleavage (S3) occurs within the
transmembrane domain and is mediated by the activity of γ-secretase, a
complex composed of four proteins: presenilin (PS1/2), nicastrin (NCT),
APH-1, and PEN-2. Intracellular NOTCH1 (ICN1) is released and
translocates to the nucleus. In the nucleus, ICN1 binds to the CSL
transcription factor, converting it from a transcriptional repressor into a
transcriptional activator while recruiting the coactivator MALM1. In red
are indicated approaches to inhibit Notch signaling.
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(16, 22), the first phase I clinical trial testing this molecule in
patients with T-ALL showed limited antitumor activity, and the
continuous dosing regimen was associated with severe gastro-
intestinal (GI) toxicity (23). Subsequently, it was demonstrated
that GSI inhibition leads to a decrement in normal NOTCH1 and
NOTCH2 signaling in the GI tract causing alteration of the prolif-
erative compartment and accumulation of mucus-secreting goblet
cells in the gut epithelium, thus explaining the severe diarrhea
in treated patients (24, 25). Although these side effects preclude
the continuous administration of single agent GSIs, they can
be attenuated with intermittent drug dosing. Alternatively, pre-
clinical studies demonstrated that the combination of a GSI and
dexamethasone dramatically attenuated GI toxicity and showed
enhanced anti-leukemia properties in T-ALL models (24, 26, 27).
An alternative approach to targeting Notch has focused on the
development of antibody-based therapy directed against specific
components of Notch receptors and their ligands. Because the
Notch-Delta-Like 4 (DLL4) axis lies downstream of initiating sig-
nals induced by vascular-endothelial growth factor (VEGF), its
inhibition has been regarded as a promising new targeted ther-
apy in tumor angiogenesis (28). To inhibit the NOTCH1–DLL4
receptor–ligand interaction different approaches have been used,
including the development of monoclonal antibodies (29), decoy
ligands (30), and decoy receptor molecules (31, 32). Preliminary
studies showed tumor regression using this approach (29, 33),
although prolonged treatment has been associated with the devel-
opment of vascular-endothelial cell-based tumors and liver toxic-
ity in mice, necessitating an intermittent dosing schedule (34–36).
More relevant for a T-ALL application is the development of anti-
bodies inhibiting Notch signaling independently from its interac-
tion with ligands. Inhibitory antibodies against the NOTCH1 (35,
37) and NOTCH2 (37) negative regulatory region (NRR) have
been reported. By targeting the NRR region, which spans from the
LNR to the HD domain, both groups identified a mechanism to
lock Notch signaling in the off state. Both demonstrated that anti-
NRR antibodies inhibit growth of NOTCH1-driven T-ALL cell
lines. Furthermore, Wu and colleagues demonstrated that anti-
NRR1 can dramatically decrease growth in pre-clinical xenograft
models (37). Interestingly targeting NRR1 or NRR2 had no effect
on weight in treated mice, a remarkable contrast with the nearly
20% weight loss caused by inhibiting both receptors simultane-
ously, a known undesired effect previously observed in animal
models and patients treated with GSIs (37). These first studies
on selective inhibition of NOTCH1 and NOTCH2 showed that
individual dosing with isoform-specific antibodies generated few
(NRR1) or no (NRR2) changes to intestinal morphology and
so suggest that selective inhibition of Notch receptors is feasi-
ble and effective in T-ALL models and leads to diminished gut
toxicity.
An additional example relies on the development of antibod-
ies raised against components of the γ-secretase complex, such as
nicastrin. A5226A, a monoclonal antibody against the extracellular
domain of nicastrin, inhibits the γ-secretase activity by competing
with the substrate binding in vitro. Only a moderate decrement
of ICN1 was observed upon A5226A treatment in DND41 cells
in vitro, but a significant reduction in tumor volume for DND41
xenotransplants was observed (38).
While pre-clinical studies strongly support the development of
new Notch inhibitors in human cancers, the discovery of alter-
native Notch pathway antagonists with a different mechanism
of action from GSIs or Notch-directed antibodies represents a
challenge. Historically, transcription factors have been considered
among the most chemically intractable of protein targets because
they mediate their action largely through protein–protein and
protein–DNA interactions rather than enzymatic activities and
because designing high-throughput screening assays to measure
these interactions is difficult. One potential approach to directly
target the Notch complex might use a stapled peptide technol-
ogy (39). A second is based on the premise that one can target a
transcription factor abnormality by identifying compounds that
successfully target its deranged transcriptional program (40).
Our laboratory applied Gene Expression-based High-
throughput Screening (GE-HTS) (41), a screening approach that
leverages the assessment of gene expression signatures as surro-
gates for different biological states. A 28 gene expression signa-
ture for the NOTCH1 activated state was defined and adapted
to the GE-HTS assay, which uses ligation-mediated amplification
(LMA) and a Luminex bead-based detection system. Three thou-
sand eight hundred one compounds were screened and results
of the chemical screen integrated with those of a complemen-
tary cDNA library screen for factors that enhance the signaling
activity of the NOTCH1 mutant L1601P∆P. The P-type ATPase
SERCAs emerged at the nexus of these two complementary screens
as a potential therapeutic target in NOTCH1-associated T-ALL.
Briefly, the SERCA inhibitor thapsigargin down-regulated the
expression of the NOTCH1 target genes, and similar to GSIs,
induced a G0/G1 arrest and a decrease in cell size. We demon-
strated that thapsigargin inhibits Notch signaling by altering its
normal maturation. Treatment with low nanomolar concentra-
tions of thapsigargin led to a marked decrement in transmembrane
and activated NOTCH1 while unprocessed, full-length NOTCH1
receptors accumulated in the endoplasmic reticulum (ER)/Golgi
compartment. This result was supported by the prior observa-
tion that Ca-P60A (SERCA homolog) deficiency leads to a Notch
maturation defect in Drosophila (42). We also confirmed that
SERCA inhibition induces on target anti T-ALL activity in vitro
and in T-ALL xenograft models in vivo. Moreover, T-ALL cell lines
expressing leukemogenic NOTCH1 HD domain mutations were
more sensitive to the SERCA inhibitor thapsigargin than normal
receptors, supporting the possibility of a therapeutic window for
compounds of this class (40).
Subsequent studies confirmed that targeting the Notch secre-
tory pathway may represent an alternative mechanism to inhibit
Notch signaling. Kramer and colleagues (43) developed a high-
content screening assay to identify new regulatory proteins
involved in Notch trafficking and processing in human cells. This
assay relied on the generation of constitutively active, ligand-
independent, Notch∆E-eGF stable cell lines in which nuclear
eGFP staining was the surrogate measure of Notch activation. The
authors identified four γ-secretase modulators and the dihydropy-
ridine FLI-06. They demonstrated that FLI-06 inhibits Notch traf-
ficking early in the protein secretary pathway (43). Although the
precise protein target of FLI-06 is yet to be determined, this finding
is particularly important because new candidate targets/molecules
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regulating Notch trafficking are rapidly emerging in studies of
Notch in other model organisms (44).
BRD4/MYC
The bromodomain (BRD) is a conserved protein motif of ~110
amino acids that recognizes and binds ε-N -acetylated lysine
residues in histone and non-histone proteins. Through this inter-
action, bromodomain-containing proteins facilitate the anchoring
of nuclear macromolecular complexes to specific acetylated nucle-
osome sites on chromatin and control several biological processes
including DNA replication, DNA damage repair, chromatin
remodeling, and transcription regulation (45). The bromodomain
and extra-terminal (BET) family of proteins, defined by tan-
dem BET domain, include BRD2, BRD3, BRD4, and BRDT. BET
proteins play a key role in many cellular processes, including
gene expression, mitosis control, and viral–host interaction and
more recently have emerged as potential therapeutic targets in
cancer (46).
The last year has seen the rapid development of multiple small-
molecule inhibitors of BET bromodomains by both academic
groups and pharmaceutical companies, with JQ1 among the first
in class. JQ1 is a novel thieno-triazolo-1,4-diazepine that binds
selectively and with high affinity to the acetyl lysine pocket of the
conserved BET domains of the BRD protein family (Figure 2A).
FIGURE 2 | Potential targets inT-ALL: PI3K/AKT/mTOR, cyclin
D3:CDK4/6, BRD4/MYC. (A) BET bromodomain inhibitors displace BET
bromodomain, such as BRD4, from chromatin by competitively binding to
the acetyl lysine recognition pocket and lead to the repression of BRD4
transcriptional targets. (B) CDK4/6 inhibitors specifically inhibit CDK4 and
6, thereby inhibiting retinoblastoma (Rb) protein phosphorylation in early
G1. Inhibition of Rb phosphorylation prevents CDK-mediated G1-S-phase
transition, thereby arresting the cell cycle in the G1 phase, suppressing
DNA synthesis, and inhibiting cancer cell growth. (C) PI3K catalyzes
phosphorylation of the D3 position on phosphoinositide to generate the
second messenger phosphatidylinositol-3,4-5 trisphosphate (PIP3) from
phosphatidylinositol-3,4 bisphosphate (PIP2). PIP3 binds to the pleckstrin
homology (PH) domains of the 3′ phosphoinositide-dependant kinase
(PDK-1) and AKT causing both proteins to translocate to the cell
membrane where they are subsequently activated. AKT activation
stimulates metabolism, cell-cycle progression, survival and migration
through phosphorylation of many physiological substrates, including
mTOR. The tumor suppressor PTEN inhibits PI3K signaling by the
dephosphorylation of PIP3. AKT can activate mTOR directly by
phosphorylation at S2448 or indirectly by inhibition of the tuberous
sclerosis complex TSC2. Potential inhibitors of the above described
pathway are indicated in red.
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Its activity was first described in NUT midline carcinoma, a rare,
aggressive epithelial cancer genetically defined by a chromosomal
translocation of BRD4 with NUT (47), where JQ1 inhibition of
BRD4 induced squamous cell differentiation and tumor regression
in a tumor primagraft model (48). Evidence of BRD4 depen-
dency in human malignancies was later extended to acute myeloid
leukemia (AML). In screening a short hairpin RNA (shRNA)
library targeting chromatin regulators in an MLL-AF9 model of
AML, BRD4 was found to be critical for disease maintenance, and
inhibition with JQ1 ablated the expression and function of MYC
itself (49). This compound class has been reported to be active
in a number of diseases dependent on either MYC or MYCN,
including neuroblastoma, medulloblastoma, multiple myeloma,
and non-Hodgkin Lymphoma (NHL), to name a few (50–54).
In T-ALL, multiple lines of evidence now suggest a role for tar-
geting MYC with BET bromodomain inhibitors. First, NOTCH1-
mediated activation of MYC is important to the maintenance
of leukemic growth (55). Second, two recent studies support
the role for MYC in T-ALL leukemia initiation and demonstrate
anti-leukemic activity with BET bromodomain inhibitors, includ-
ing JQ1. In a study by King et al., dependence on MYC for
leukemia-initiating cell (LIC) activity was demonstrated using a
mouse model of the Fbxw7R468C substitution, an event commonly
observed in human T-ALL leading to the stabilization of NOTCH
and MYC proteins (56). These investigators next explored the inhi-
bition of BRD4 as a therapeutic strategy for downregulating MYC
in T-ALL. They demonstrated that knockdown of Brd4 and Myc
inhibited growth in Notch1-positive mouse T-ALL cell lines, and
JQ1 treatment showed a significant dose-dependent decrease in
cellular growth along with reduction in MYC protein expression
in a panel of T-ALL cell lines and in primary human T-ALL samples
tested in vitro. This decrease in cellular growth could be partially
rescued with overexpression of a MYC transgene. Human FBXW7
mutant T-ALL cell lines, that are typically GSI resistant, were also
sensitive to treatment with JQ1. Furthermore, a BET bromod-
omain inhibitor was demonstrated to have efficacy in vivo in both
Fbxw7+/+ and Fbxw7R468C/+ mouse models of T-ALL (56).
An independent study by Roderick et al. also demonstrated the
importance of MYC in the LIC in T-ALL. In this study, c-Myc
abrogation depleted leukemia LICs and prolonged survival in a
Notch1 mutant Tal1/Lmo2 T-ALL mouse model (57). Pharmaco-
logical inhibition with JQ1 of Tal1/Lmo2 T-ALL murine cell lines
demonstrated that Brd4 inhibition induced an initial cell-cycle
arrest followed by apoptosis, in contrast to GSI, which predom-
inantly induced cell-cycle arrest with minimal apoptosis. These
effects were partially rescued by the overexpression of an exoge-
nous murine c-Myc construct supporting that c-Myc is a relevant
target of Brd4 in mouse T-ALL. In order to test whether JQ1 inter-
feres with leukemia initiation and reduces LICs, Tal1/Lmo2 mouse
T-ALLs were transplanted into syngeneic recipients and vehicle or
JQ1 administered for 3 weeks. JQ1 significantly increased overall
survival and depleted LICs, further supporting the critical role of
c-Myc in mouse LIC maintenance. Further testing of JQ1 con-
firmed that BRD4 inhibition impaired the growth and induced
apoptosis in human T-ALL cell lines. In 8 out of 10 primary T-
ALL pediatric samples JQ1 inhibited cell growth and reduced MYC
levels. JQ1 was active even in cases of refractory or relapsed T-ALL.
Additional data generated in high-risk primary T-ALL short-term
culture assays demonstrated that JQ1 induced apoptosis and the
expression of the pro-apoptotic factor BIM, indicating that BIM
may be repressed downstream of MYC (58).
As discussed above, the translation of GSIs into the clinic has
been tempered by a lack of cytotoxic antitumor responses and by
severe GI toxicity associated with inhibition of Notch signaling
in the intestinal epithelium (24, 25). A recent study sheds light
on one potential mechanism of resistance to GSI in T-ALL that
might be targeted with BET bromodomain inhibitors. The authors
identified a subpopulation of drug-tolerant T-ALL cells called
“persisters” that developed with long-term in vitro GSI treatment.
Because the “persister” phenotype was reversible after γ-secretase
withdrawal the authors hypothesized an epigenetic mechanism of
drug resistance. To test this hypothesis they performed a shRNA
screen targeting nearly 350 chromatin regulator genes. Among top
hits, which preferentially impaired the viability of “persister” cells
while sparing the naïve population, they identified BRD4. Consis-
tent with this model, “persister” cells were more sensitive to BRD4
inhibition in vitro, and combination therapy with GSI and JQ1
in a GSI “naïve” T-ALL xenotransplant model was more effective
than either drug alone (59).
The effects of BRD inhibition are not limited to MYC transcrip-
tion. For example, genome-wide expression profiling following
JQ1 treatment identified IL7R, along with MYC, to be among the
most down-regulated genes, and early studies correlated BRD4
inhibition with decreased IL7R expression and loss of BRD4 load-
ing at the IL7R promoter across different cancer subtypes (60).
Activating mutations in IL7R were recently identified in at least 9%
of pediatric T-ALL, and constitutive activation of IL7R signaling
in CD4−/CD8− mice thymocytes induced early T-cell precursor
ALL (ETP-ALL) (61).
Finally, BRD-targeted pharmacological inhibition in T-ALL
is being tested in the clinic. Currently, OTX015, a synthetic
small molecule against BRD2, 3, and 4 is under evaluation in a
phase 1b dose-escalation trial in relapsed or refractory AML/ALL
(NCT01713582) following promising in vivo data showing cell-
cycle arrest and apoptosis at submicromolar doses in a panel of
leukemia cells (62).
Taken together, these data provide multiple lines of evidence
to support testing BET bromodomain inhibitors in patients with
T-ALL. Multiple BET bromodomain inhibitors have entered the
clinic and are currently in testing in phase I clinical trials, including
trials testing this compound class in patients with leukemia.
D-TYPE CYCLINS
D-type cyclins, together with cyclin-dependent kinases (CDKs),
control G1 to S-phase progression and initiate DNA replication
in response to mitogenic signals in many different cell types.
The binding of D-type cyclins (D1, D2, and D3) to CDK4 or
CDK6 leads to phosphorylation of the retinoblastoma protein
(Rb). Phosphorylated Rb is inactive and unable to bind the tran-
scription factor E2F1, leading to transactivation of E2F-dependent
genes and progression to S phase. Because these proteins are widely
expressed in many tissues, there was initial concern about the
therapeutic window of CDK inhibitors. However, several studies
have demonstrated that the absence of individual D-type cyclins
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is dispensable for proliferation and for the development of the
majority of organs, suggesting a redundant function of these
proteins in many circumstances (63–65).
Altered expression of cyclin-D genes (CCND) has been
implicated in the pathogenesis of numerous cancers, including
hematopoietic malignancies. The t (11;14)(q13;q32) translocation
at the CCND1 locus is a hallmark of mantle cell lymphoma (66),
and molecular studies revealed activating mutations in the phos-
phorylation site of cyclin-D genes in DLBCL, CLL, and Burkitt
lymphoma (10, 67, 68). Moreover, D-type cyclins were shown to
be essential for tumor initiation in vivo. Mice lacking cyclin-D1
are resistant to ErbB2-driven carcinoma (69–72), while cyclin-
D3-null animals are refractory to NOTCH1-induced T-ALL (73).
Thus, modulation of cyclin-D CDK complexes appears a potential
therapeutic strategy in several human malignancies.
Multiple groups have reported inhibition of D-type cyclins–
CDK complexes as a potential therapeutic strategy for patients
with T-ALL (Figure 2B). Sicinska et al. first demonstrated that
cyclin-D3−/− animals are refractory to Notch1-driven T-ALL
development, and knockdown of cyclin-D3 significantly inhibits
proliferation in T-ALL cell lines corresponding to immature thy-
mocytes with rearranged TCRB chains (73). Choi et al. substan-
tiated the role of cyclin-D3 in Notch1-driven leukemia estab-
lishment in vivo; acute ablation of cyclin-D3 in mice trans-
duced with activated Notch-ICD reduced the number of leukemic
clones and significantly extended survival. In vivo pharmacological
inhibition of the cyclin-D3-associated kinases CDK4/6 by PD-
0332991 resulted in reduction of tumor burden and improved
survival in mice transduced with activated Notch-ICD. In this
model, treatment with PD-0332991 inhibited cell-cycle progres-
sion and induced apoptosis, phenocopying the effects of acute
genetic loss of cyclin-D3. Reduced leukemic burden and pro-
longed survival was also seen following PD00332991 treatment
in two human T-ALL cell lines xenograft models, further suggest-
ing CDK4/6 modulation as a potential strategy for Notch-driven
T-ALL malignancies (74).
A second group simultaneously reported the requirement for
Cyclin-D-kinase activity in T-ALL leukemia maintenance. Sawai
and colleagues reported that PD-0332991 inhibition of CDK4/6
efficiently inhibited S-phase entry in a panel of human NOTCH1-
mutated T-ALL cell lines and in two primary T-ALL patient sam-
ples tested in vitro. They showed that G0/G1 arrest was associated
with a decrement of pRb (S807/811), an increase in p27Kip1 and
repression of mitosis regulator genes, such as E2F2,CCNA2, SKP2,
CDC25a,CCNE2, andCDT1. Furthermore, prolonged exposure to
PD-0332991 led to apoptosis as observed by a significant increase
in Annexin V. Pre-clinical studies were conducted in two different
in vivo models: an ICN1-EGFP-transduced bone marrow trans-
plantation model in B6SJL mice and a CEM human T-ALL cell
line xenograft model. PD-0332991 treatment significantly pro-
longed survival and dramatically decreased leukemic burden in
both models. Induction of apoptosis in the ICN1-EGFP+ cells was
observed in the syngeneic model. This work also demonstrated
that cyclin-D3 has a unique role in the expansion of normally
developing T-cell progenitors and in the induction of T-ALL.
Forced in vivo expression of cyclin-D2 did not compensate for the
lack of cyclin-D3, suggesting intrinsic differences in the function
of these two proteins in T-cell development (75). Collectively, these
studies demonstrate a new avenue for targeted therapies directed
against cell-cycle regulators in T-ALL. With CDK4/6 inhibitors
already being tested in the clinic for other diseases these findings
are readily translatable.
PI3K/PTEN/AKT/mTOR
PI3K/PTEN/AKT/mTOR is a critical pathway that elaborates both
intracellular and extracellular signals to control cell metabolism,
proliferation,and survival. Because several mechanisms can lead to
PI3K/PTEN/AKT/mTOR activation, aberrancies of this pathway
are frequently observed in human malignancies (76–79). Targeted
inhibition of individual nodes in the pathway is under investi-
gation as a cancer therapy strategy (Figure 2C). PI3K catalyzes
the phosphorylation of phosphoinositide to generate the second
messenger phosphatidylinositol-3,4,5 trisphosphate (PIP3) from
phosphatidylinositol-3,4 bisphosphate (PIP2). PIP3 binds to the
pleckstrin homology (PH) of the phosphoinositide-dependent
kinase-1 (PDK-1) and the serine/threonine kinase AKT, causing
both proteins to translocate to the cell membrane where they
are subsequently activated. The tumor suppressor PTEN (phos-
phatase and tensin deleted on chromosome 10) antagonizes PI3K
signaling by the dephosphorylation of PIP3. AKT can activate
mTOR at least through two distinct mechanisms: directly by phos-
phorylation at the S2448 site or indirectly by inhibition of the
tuberous sclerosis complex 2 (TSC2).
Cross talk between Notch signaling and the PI3K/PTEN/AKT
pathway is under active investigation. Compelling evidence that
Notch activates AKT was supported by work of Palomero and col-
leagues (78, 80). The authors demonstrated that HES1 (hairy and
enhancer of split 1), a direct target of NOTCH1, binds to the PTEN
promoter and represses its activity resulting in decreased PTEN
expression and an increase in phosphorylation of AKT-Ser473.
Thus, activated NOTCH1 signaling promotes activation of PI3K–
AKT due to the transcriptional repression of PTEN. Treatment
with the NOTCH1 inhibitor Compound E diminished HES1 and,
as expected by the described model, restored PTEN activity. In
turn, PI3K–AKT was inhibited causing impaired cellular viabil-
ity. In summary, in a T-ALL background with an intact PTEN
axis, GSI treatment causes a dual inhibition of Notch and PI3K–
AKT signaling. Although this scenario is expected in two-thirds
of T-ALL cases, deletion and/or inactivating mutations of PTEN
have been described in 36% of primary T-ALL cases. Moreover, all
told, mutations of individual components of the PI3K/AKT axis,
including PTEN, are observed in 47% of pediatric T-ALL cases
(79). In the T-ALL cases of PTEN deletion, despite NOTCH1–
HES1 inhibition, the PI3K–AKT signaling will be maintained in
an active tone, impairing full response to NOTCH1 inhibition,
thus accounting for one potential intrinsic resistance mechanism
to GSI treatment (80).
Inhibition of the isoforms PI3K-γ and PI3K-δ is one candidate
strategy to target PTEN null T-ALL. Recent studies demonstrated
that PI3K-γ and PI3K-δ are required for the establishment of a
PTEN deficient leukemia in vivo (81). To test whether PI3K-γ and
PI3K-δ are required for tumor maintenance, the authors devel-
oped CAL-130, a small molecule that inhibits both the catalytic
domains of p110γ and p110δ. In Pten null mice with established
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T-ALL leukemia CAL-130 increased survival and reduced tumor
burden in the cohort of treated animals. Furthermore, testing in
T-ALL cell lines demonstrated the ability of CAL-130 to inhibit
cellular growth while inducing apoptosis. Finally, cell lethality was
further demonstrated in a panel of primary T-ALL samples lacking
PTEN expression (81).
Because constitutive activation of PI3K signaling is common in
T-ALL, PI3K inhibitors are being studied as a treatment strategy
for this disease. For example, the novel dual PI3K/mTOR inhibitor
NVP-BEZ235, an orally bioavailable imidazoquinoline derivative,
proved to have anti-proliferative effects in several T-ALL cell lines
where pro-apoptotic effects were demonstrated (82). An ongo-
ing trial is currently testing this molecule in AML, ALL, and
CML. A second example evaluated the activity of NVP-BKM120,
a potent, orally available, pan-PI3K inhibitor. In human T-ALL
cell lines, NVP-BKM120 induced apoptosis and cell-cycle arrest
(G2/M transition). Additionally, cell lethality was confirmed in
primary T-ALL lymphoblasts. As expected, NVP-BKM120 inhib-
ited AKT as shown by a dose-dependent reduction of phosphory-
lation at Ser473 and at Ser235/236 and the downstream target
RPS6. Finally, pre-clinical studies in a T-ALL cell line-derived
xenotransplant model demonstrated that NVP-BKM120 signifi-
cantly delayed tumor growth and prolonged survival (83). To date,
NVP-BKM120 has been tested in a dose-escalation trial in patients
with advanced solid tumors. It was safe and well tolerated and
was demonstrated to inhibit the target (84). An ongoing phase I
study (NCT01396499) is testing NVP-BKM120 in patients with
advanced leukemia. Additionally, other studies have supported
the inhibition of PI3K/AKT signaling as a treatment strategy,
including through the activation of PP2A (85).
Another approach to target the PI3K pathway would be to
target mTOR, the catalytic subunit of two distinct complexes
mTORC1 and mTORC2. mTORC1 controls the translational reg-
ulators S6K1 and 4E-BP1, whereas mTORC2 phosphorylates AKT
at Ser473 (86–88). The combined inhibition of mTOR and Notch
was shown to suppress T-ALL growth (89), and several pre-clinical
studies suggested that mTOR modulation can effectively reverse
glucocorticoid resistance in T-ALL (90–93). Single agent mTORC1
inhibitors are not likely to be an effective therapeutic therapy as
they provoke a cytostatic response and activate feedback loops
to enhance cell survival (94–97). The studies described above,
however, do support the testing of mTORC1 inhibitors in combi-
nations with other drugs, and these clinical trials are now ongoing
at several centers. Taken together, these studies support the con-
tinued testing of PI3K pathway inhibition as a therapeutic strategy
for T-ALL.
CONCLUSION
Despite unprecedented efforts to uncover the molecular com-
plexity of T-ALL, upfront treatment is still based on cytotoxic
chemotherapeutic regimens, and prognosis for this disease gen-
erally remains poor in adults and in both children and adults
with relapsed disease. The paucity of effective treatment options
available for patients of these unfavorable subgroups highlights
the importance of improving current therapies with molecu-
larly informed approaches. Targeting Notch, MYC/BRD4, Cyclin
D3:CDK4/6, and the PI3K pathway are promising therapeutic
targets in T-ALL, and the strong pre-clinical studies discussed
above support further investigation of these drugs in clinical trials
in patients with T-ALL.
ACKNOWLEDGMENTS
This work was supported by the Leukemia and Lymphoma
Society (LLS) (Kimberly Stegmaier and Giovanni Roti) and
William Lawrence and Blanche Hughes Foundation (Kimberly
Stegmaier), the Children’s Leukemia Research Association (Kim-
berly Stegmaier) and the Fondazione Umberto Veronesi (Giovanni
Roti).
REFERENCES
1. Artavanis-Tsakonas S, Matsuno K, Fortini ME. Notch signaling. Science (1995)
268(5208):225–32. doi:10.1126/science.7716513
2. Pear WS, Radtke F. Notch signaling in lymphopoiesis. Semin Immunol (2003)
15(2):69–79. doi:10.1016/S1044-5323(03)00003-4
3. Pui JC, Allman D, Xu L, DeRocco S, Karnell FG, Bakkour S, et al. Notch1 expres-
sion in early lymphopoiesis influences B versus T lineage determination. Immu-
nity (1999) 11(3):299–308. doi:10.1016/S1074-7613(00)80105-3
4. Radtke F, Wilson A, MacDonald HR. Notch signaling in T- and B-cell develop-
ment. Curr Opin Immunol (2004) 16(2):174–9. doi:10.1016/j.coi.2004.01.002
5. Deftos ML, Bevan MJ. Notch signaling in T cell development. Curr Opin
Immunol (2000) 12(2):166–72. doi:10.1016/S0952-7915(99)00067-9
6. Weng AP, Ferrando AA, Lee W, Morris JPT, Silverman LB, Sanchez-Irizarry C,
et al. Activating mutations of NOTCH1 in human T cell acute lymphoblastic
leukemia. Science (2004) 306(5694):269–71. doi:10.1126/science.1102160
7. Ellisen LW, Bird J, West DC, Soreng AL, Reynolds TC, Smith SD, et al. TAN-1,
the human homolog of the Drosophila notch gene, is broken by chromoso-
mal translocations in T lymphoblastic neoplasms. Cell (1991) 66(4):649–61.
doi:10.1016/0092-8674(91)90111-B
8. Palomero T, Barnes KC, Real PJ, Glade Bender JL, Sulis ML, Murty VV, et al.
CUTLL1, a novel human T-cell lymphoma cell line with t(7;9) rearrange-
ment, aberrant NOTCH1 activation and high sensitivity to gamma-secretase
inhibitors. Leukemia (2006) 20(7):1279–87. doi:10.1038/sj.leu.2404258
9. Di Ianni M, Baldoni S, Rosati E, Ciurnelli R, Cavalli L, Martelli MF, et al. A new
genetic lesion in B-CLL: a NOTCH1 PEST domain mutation. Br J Haematol
(2009) 146(6):689–91. doi:10.1111/j.1365-2141.2009.07816.x
10. Puente XS, Pinyol M, Quesada V, Conde L, Ordonez GR, Villamor N, et al.
Whole-genome sequencing identifies recurrent mutations in chronic lympho-
cytic leukaemia. Nature (2011) 475(7354):101–5. doi:10.1038/nature10113
11. Klinakis A, Lobry C, Abdel-Wahab O, Oh P, Haeno H, Buonamici S, et al. A
novel tumour-suppressor function for the Notch pathway in myeloid leukaemia.
Nature (2011) 473(7346):230–3. doi:10.1038/nature09999
12. Stransky N, Egloff AM, Tward AD, Kostic AD, Cibulskis K, Sivachenko A, et al.
The mutational landscape of head and neck squamous cell carcinoma. Science
(2011) 333(6046):1157–60. doi:10.1126/science.1208130
13. Agrawal N, Frederick MJ, Pickering CR, Bettegowda C, Chang K, Li RJ, et al.
Exome sequencing of head and neck squamous cell carcinoma reveals inacti-
vating mutations in NOTCH1. Science (2011) 333(6046):1154–7. doi:10.1126/
science.1206923
14. Malecki MJ, Sanchez-Irizarry C, Mitchell JL, Histen G, Xu ML, Aster JC,
et al. Leukemia-associated mutations within the NOTCH1 heterodimerization
domain fall into at least two distinct mechanistic classes. Mol Cell Biol (2006)
26(12):4642–51. doi:10.1128/MCB.01655-05
15. Sulis ML, Williams O, Palomero T, Tosello V, Pallikuppam S, Real PJ, et al.
NOTCH1 extracellular juxtamembrane expansion mutations in T-ALL. Blood
(2008) 112(3):733–40. doi:10.1182/blood-2007-12-130096
16. Weng AP, Nam Y, Wolfe MS, Pear WS, Griffin JD, Blacklow SC, et al. Growth sup-
pression of pre-T acute lymphoblastic leukemia cells by inhibition of notch sig-
naling.Mol Cell Biol (2003) 23(2):655–64. doi:10.1128/MCB.23.2.655-664.2003
17. Grabher C, von Boehmer H, Look AT. Notch 1 activation in the molecular
pathogenesis of T-cell acute lymphoblastic leukaemia. Nat Rev Cancer (2006)
6(5):347–59. doi:10.1038/nrc1880
18. Aster JC, Pear WS. Notch signaling in leukemia. Curr Opin Hematol (2001)
8(4):237–44. doi:10.1097/00062752-200107000-00010
www.frontiersin.org July 2014 | Volume 4 | Article 170 | 7
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Roti and Stegmaier New approaches to target T-ALL
19. Aster JC, Xu L, Karnell FG, Patriub V, Pui JC, Pear WS. Essential roles for
ankyrin repeat and transactivation domains in induction of T-cell leukemia
by notch1. Mol Cell Biol (2000) 20(20):7505–15. doi:10.1128/MCB.20.20.7505-
7515.2000
20. Capobianco AJ, Zagouras P, Blaumueller CM, Artavanis-Tsakonas S, Bishop JM.
Neoplastic transformation by truncated alleles of human NOTCH1/TAN1 and
NOTCH2. Mol Cell Biol (1997) 17(11):6265–73.
21. Demarest RM, Dahmane N, Capobianco AJ. Notch is oncogenic dominant in T-
cell acute lymphoblastic leukemia. Blood (2011) 117(10):2901–9. doi:10.1182/
blood-2010-05-286351
22. De Keersmaecker K, Lahortiga I, Mentens N, Folens C, Van Neste L, Bekaert S,
et al. In vitro validation of gamma-secretase inhibitors alone or in combination
with other anti-cancer drugs for the treatment of T-cell acute lymphoblastic
leukemia. Haematologica (2008) 93(4):533–42. doi:10.3324/haematol.11894
23. Deangelo DJ, Stone RM, Silverman LB, Stock W, Attar EC, Fearen I, et al. A
phase I clinical trial of the notch inhibitor MK-0752 in patients with T-cell
acute lymphoblastic leukemia/lymphoma (T-ALL) and other leukemias. J Clin
Oncol (2006) 24(18S):6585.
24. Real PJ, Tosello V, Palomero T, Castillo M, Hernando E, de Stanchina E, et al.
Gamma-secretase inhibitors reverse glucocorticoid resistance in T cell acute
lymphoblastic leukemia. Nat Med (2009) 15(1):50–8. doi:10.1038/nm.1900
25. Milano J, McKay J, Dagenais C, Foster-Brown L, Pognan F, Gadient R, et al.
Modulation of notch processing by gamma-secretase inhibitors causes intesti-
nal goblet cell metaplasia and induction of genes known to specify gut secre-
tory lineage differentiation.Toxicol Sci (2004) 82(1):341–58. doi:10.1093/toxsci/
kfh254
26. Real PJ, Ferrando AA. NOTCH inhibition and glucocorticoid therapy in T-cell
acute lymphoblastic leukemia. Leukemia (2009) 23(8):1374–7. doi:10.1038/leu.
2009.75
27. Wei P, Walls M, Qiu M, Ding R, Denlinger RH, Wong A, et al. Evaluation of
selective gamma-secretase inhibitor PF-03084014 for its antitumor efficacy and
gastrointestinal safety to guide optimal clinical trial design. Mol Cancer Ther
(2010) 9(6):1618–28. doi:10.1158/1535-7163.MCT-10-0034
28. Kuhnert F, Kirshner JR, Thurston G. DLL4-Notch signaling as a therapeutic
target in tumor angiogenesis.Vasc Cell (2011) 3(1):20. doi:10.1186/2045-824X-
3-20
29. Ridgway J, Zhang G, Wu Y, Stawicki S, Liang WC, Chanthery Y, et al. Inhibition
of DLL4 signalling inhibits tumour growth by deregulating angiogenesis.Nature
(2006) 444(7122):1083–7. doi:10.1038/nature05313
30. Noguera-Troise I, Daly C, Papadopoulos NJ, Coetzee S, Boland P, Gale NW,
et al. Blockade of DLL4 inhibits tumour growth by promoting non-productive
angiogenesis. Nature (2006) 444(7122):1032–7. doi:10.1038/nature05355
31. Funahashi Y, Hernandez SL, Das I, Ahn A, Huang J, Vorontchikhina M, et al.
A notch1 ectodomain construct inhibits endothelial notch signaling, tumor
growth, and angiogenesis. Cancer Res (2008) 68(12):4727–35. doi:10.1158/
0008-5472.CAN-07-6499
32. Kovall RA, Blacklow SC. Mechanistic insights into Notch receptor signaling
from structural and biochemical studies. Curr Top Dev Biol (2010) 92:31–71.
doi:10.1016/S0070-2153(10)92002-4
33. Hoey T, Yen WC, Axelrod F, Basi J, Donigian L, Dylla S, et al. DLL4 blockade
inhibits tumor growth and reduces tumor-initiating cell frequency. Cell Stem
Cell (2009) 5(2):168–77. doi:10.1016/j.stem.2009.05.019
34. Liu Z, Turkoz A, Jackson EN, Corbo JC, Engelbach JA, Garbow JR, et al. Notch1
loss of heterozygosity causes vascular tumors and lethal hemorrhage in mice. J
Clin Invest (2011) 121(2):800–8. doi:10.1172/JCI43114
35. Aste-Amezaga M, Zhang N, Lineberger JE, Arnold BA, Toner TJ, Gu M, et al.
Characterization of Notch1 antibodies that inhibit signaling of both normal and
mutated Notch1 receptors. PLoS One (2010) 5(2):e9094. doi:10.1371/journal.
pone.0009094
36. Yan M. Therapeutic promise and challenges of targeting DLL4/NOTCH1. Vasc
Cell (2011) 3:17. doi:10.1186/2045-824X-3-17
37. Wu Y, Cain-Hom C, Choy L, Hagenbeek TJ, de Leon GP, Chen Y, et al.
Therapeutic antibody targeting of individual Notch receptors. Nature (2010)
464(7291):1052–7. doi:10.1038/nature08878
38. Hayashi I, Takatori S, Urano Y, Miyake Y, Takagi J, Sakata-Yanagimoto M,
et al. Neutralization of the gamma-secretase activity by monoclonal anti-
body against extracellular domain of nicastrin. Oncogene (2012) 31(6):787–98.
doi:10.1038/onc.2011.265
39. Moellering RE, Cornejo M, Davis TN, Del Bianco C, Aster JC, Blacklow SC, et al.
Direct inhibition of the NOTCH transcription factor complex. Nature (2009)
462(7270):182–8. doi:10.1038/nature08543
40. Roti G, Carlton A, Ross KN, Markstein M, Pajcini K, Su AH, et al.
Complementary genomic screens identify SERCA as a therapeutic target in
NOTCH1 mutated cancer. Cancer Cell (2013) 23(3):390–405. doi:10.1016/j.ccr.
2013.01.015
41. Stegmaier K, Ross KN, Colavito SA, O’Malley S, Stockwell BR, Golub TR.
Gene expression-based high-throughput screening(GE-HTS) and application to
leukemia differentiation. Nat Genet (2004) 36(3):257–63. doi:10.1038/ng0404-
427b
42. Periz G, Fortini ME. Ca(2+)-ATPase function is required for intracellular traf-
ficking of the Notch receptor in Drosophila. EMBO J (1999) 18(21):5983–93.
doi:10.1093/emboj/18.21.5983
43. Kramer A, Mentrup T, Kleizen B, Rivera-Milla E, Reichenbach D, Enzensperger
C, et al. Small molecules intercept Notch signaling and the early secretory path-
way. Nat Chem Biol (2013) 9(11):731–8. doi:10.1038/nchembio.1356
44. Groth C, Sasamura T, Khanna MR, Whitley M, Fortini ME. Protein traffick-
ing abnormalities in Drosophila tissues with impaired activity of the ZIP7
zinc transporter Catsup. Development (2013) 140(14):3018–27. doi:10.1242/
dev.088336
45. Muller S, Filippakopoulos P, Knapp S. Bromodomains as therapeutic targets.
Expert Rev Mol Med (2011) 13:e29. doi:10.1017/S1462399411001992
46. Belkina AC, Denis GV. BET domain co-regulators in obesity, inflammation and
cancer. Nat Rev Cancer (2012) 12(7):465–77. doi:10.1038/nrc3256
47. French CA, Miyoshi I, Aster JC, Kubonishi I, Kroll TG, Dal Cin P, et al. BRD4
bromodomain gene rearrangement in aggressive carcinoma with transloca-
tion t(15;19). Am J Pathol (2001) 159(6):1987–92. doi:10.1016/S0002-9440(10)
63049-0
48. Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, Fedorov O, et al. Selec-
tive inhibition of BET bromodomains. Nature (2010) 468(7327):1067–73.
doi:10.1038/nature09504
49. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison EA, et al. RNAi screen
identifies Brd4 as a therapeutic target in acute myeloid leukaemia.Nature (2011)
478(7370):524–8. doi:10.1038/nature10334
50. Puissant A, Frumm SM, Alexe G, Bassil CF, Qi J, Chanthery YH, et al. Target-
ing MYCN in neuroblastoma by BET bromodomain inhibition. Cancer Discov
(2013) 3(3):308–23. doi:10.1158/2159-8290.CD-12-0418
51. Bandopadhayay P, Bergthold G, Nguyen B, Schubert S, Gholamin S, Tang Y,
et al. BET bromodomain inhibition of MYC-amplified medulloblastoma. Clin
Cancer Res (2014) 20(4):912–25. doi:10.1158/1078-0432.CCR-13-2281
52. Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, et al. BET bro-
modomain inhibition as a therapeutic strategy to target c-Myc. Cell (2011)
146(6):904–17. doi:10.1016/j.cell.2011.08.017
53. Loven J, Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, et al. Selective
inhibition of tumor oncogenes by disruption of super-enhancers. Cell (2013)
153(2):320–34. doi:10.1016/j.cell.2013.03.036
54. Chapuy B, McKeown MR, Lin CY, Monti S, Roemer MG, Qi J, et al. Discovery
and characterization of super-enhancer-associated dependencies in diffuse
large B cell lymphoma.Cancer Cell (2013) 24(6):777–90. doi:10.1016/j.ccr.2013.
11.003
55. Weng AP, Millholland JM, Yashiro-Ohtani Y, Arcangeli ML, Lau A, Wai C, et al.
c-Myc is an important direct target of Notch1 in T-cell acute lymphoblas-
tic leukemia/lymphoma. Genes Dev (2006) 20(15):2096–109. doi:10.1101/gad.
1450406
56. King B, Trimarchi T, Reavie L, Xu L, Mullenders J, Ntziachristos P, et al. The
ubiquitin ligase FBXW7 modulates leukemia-initiating cell activity by regulat-
ing MYC stability. Cell (2013) 153(7):1552–66. doi:10.1016/j.cell.2013.05.041
57. Roderick JE, Tesell J, Shultz LD, Brehm MA, Greiner DL, Harris MH,
et al. c-Myc inhibition prevents leukemia initiation in mice and impairs the
growth of relapsed and induction failure pediatric T-ALL cells. Blood (2014)
123(7):1040–50. doi:10.1182/blood-2013-08-522698
58. Reynolds C, Roderick JE, Labelle JL, Bird G, Mathieu R, Bodaar K, et al. Repres-
sion of BIM mediates survival signaling by MYC and AKT in high-risk T-cell
acute lymphoblastic leukemia. Leukemia (2014). doi:10.1038/leu.2014.78
59. Knoechel B, Roderick JE, Williamson KE, Zhu J, Lohr JG, Cotton MJ, et al. An
epigenetic mechanism of resistance to targeted therapy in T cell acute lym-
phoblastic leukemia. Nat Genet (2014) 46(4):364–70. doi:10.1038/ng.2913
Frontiers in Oncology | Pediatric Oncology July 2014 | Volume 4 | Article 170 | 8
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Roti and Stegmaier New approaches to target T-ALL
60. Ott CJ, Kopp N, Bird L, Paranal RM, Qi J, Bowman T, et al. BET bromod-
omain inhibition targets both c-Myc and IL7R in high-risk acute lymphoblastic
leukemia. Blood (2012) 120(14):2843–52. doi:10.1182/blood-2012-02-413021
61. Zenatti PP, Ribeiro D, Li W, Zuurbier L, Silva MC, Paganin M, et al. Onco-
genic IL7R gain-of-function mutations in childhood T-cell acute lymphoblastic
leukemia. Nat Genet (2011) 43(10):932–9. doi:10.1038/ng.924
62. Thorsten B, Coude M, Berrau J, Bertransd S, Riveiro E, Herait P, et al. Preclinical
Study of the Bromodomain Inhibitor OTX015 in Acute Myeloid (AML) and
Lymphoid (ALL) leukemias. Blood,Abstract 4218 55th ASH Annual Meeting and
Exposition (2013) (Abstract 4218 55th ASH Annual Meeting and Exposition).
63. Kozar K, Ciemerych MA, Rebel VI, Shigematsu H, Zagozdzon A, Sicinska E,
et al. Mouse development and cell proliferation in the absence of D-cyclins. Cell
(2004) 118(4):477–91. doi:10.1016/j.cell.2004.07.025
64. Malumbres M, Sotillo R, Santamaria D, Galan J, Cerezo A, Ortega S, et al.
Mammalian cells cycle without the D-type cyclin-dependent kinases CDK4 and
CDK6. Cell (2004) 118(4):493–504. doi:10.1016/j.cell.2004.08.002
65. Sherr CJ, Roberts JM. Living with or without cyclins and cyclin-dependent
kinases. Genes Dev (2004) 18(22):2699–711. doi:10.1101/gad.1256504
66. Bertoni F, Zucca E, Cotter FE. Molecular basis of mantle cell lymphoma. Br J
Haematol (2004) 124(2):130–40. doi:10.1046/j.1365-2141.2003.04761.x
67. Pasqualucci L, Trifonov V, Fabbri G, Ma J, Rossi D, Chiarenza A, et al. Analy-
sis of the coding genome of diffuse large B-cell lymphoma. Nat Genet (2011)
43(9):830–7. doi:10.1038/ng.892
68. Schmitz R, Ceribelli M, Pittaluga S, Wright G, Staudt LM. Oncogenic mech-
anisms in burkitt lymphoma. Cold Spring Harb Perspect Med (2014) 4(2).
doi:10.1101/cshperspect.a014282
69. Yu Q, Geng Y, Sicinski P. Specific protection against breast cancers by cyclin D1
ablation. Nature (2001) 411(6841):1017–21. doi:10.1038/35082500
70. Yu Q, Sicinska E, Geng Y, Ahnstrom M, Zagozdzon A, Kong Y, et al. Require-
ment for CDK4 kinase function in breast cancer. Cancer Cell (2006) 9(1):23–32.
doi:10.1016/j.ccr.2005.12.012
71. Bowe DB, Kenney NJ, Adereth Y, Maroulakou IG. Suppression of Neu-induced
mammary tumor growth in cyclin D1 deficient mice is compensated for by
cyclin E. Oncogene (2002) 21(2):291–8. doi:10.1038/sj.onc.1205025
72. Landis MW, Pawlyk BS, Li T, Sicinski P, Hinds PW. Cyclin D1-dependent
kinase activity in murine development and mammary tumorigenesis. Cancer
Cell (2006) 9(1):13–22. doi:10.1016/j.ccr.2005.12.019
73. Sicinska E, Lee YM, Gits J, Shigematsu H, Yu Q, Rebel VI, et al. Essential role
for cyclin D3 in granulocyte colony-stimulating factor-driven expansion of neu-
trophil granulocytes. Mol Cell Biol (2006) 26(21):8052–60. doi:10.1128/MCB.
00800-06
74. Choi YJ, Li X, Hydbring P, Sanda T, Stefano J, Christie AL, et al. The requirement
for cyclin D function in tumor maintenance. Cancer Cell (2012) 22(4):438–51.
doi:10.1016/j.ccr.2012.09.015
75. Sawai CM, Freund J, Oh P, Ndiaye-Lobry D, Bretz JC, Strikoudis A, et al. Ther-
apeutic targeting of the cyclin D3:CDK4/6 complex in T cell leukemia. Cancer
Cell (2012) 22(4):452–65. doi:10.1016/j.ccr.2012.09.016
76. Yuan TL, Cantley LC. PI3K pathway alterations in cancer: variations on a theme.
Oncogene (2008) 27(41):5497–510. doi:10.1038/onc.2008.245
77. Zhao L, Vogt PK. Class I PI3K in oncogenic cellular transformation. Oncogene
(2008) 27(41):5486–96. doi:10.1038/onc.2008.244
78. Palomero T, Dominguez M, Ferrando AA. The role of the PTEN/AKT pathway
in NOTCH1-induced leukemia. Cell Cycle (2008) 7(8):965–70. doi:10.4161/cc.
7.8.5753
79. Gutierrez A, Sanda T, Grebliunaite R, Carracedo A, Salmena L, Ahn Y, et al.
High frequency of PTEN, PI3K, and AKT abnormalities in T-cell acute lym-
phoblastic leukemia. Blood (2009) 114(3):647–50. doi:10.1182/blood-2009-02-
206722
80. Palomero T, Sulis ML, Cortina M, Real PJ, Barnes K, Ciofani M, et al. Mutational
loss of PTEN induces resistance to NOTCH1 inhibition in T-cell leukemia. Nat
Med (2007) 13(10):1203–10. doi:10.1038/nm1636
81. Subramaniam PS, Whye DW, Efimenko E, Chen J, Tosello V, De Keersmaecker K,
et al. Targeting nonclassical oncogenes for therapy in T-ALL. Cancer Cell (2012)
21(4):459–72. doi:10.1016/j.ccr.2012.02.029
82. Chiarini F, Grimaldi C, Ricci F, Tazzari PL, Evangelisti C, Ognibene A, et al.
Activity of the novel dual phosphatidylinositol 3-kinase/mammalian target of
rapamycin inhibitor NVP-BEZ235 against T-cell acute lymphoblastic leukemia.
Cancer Res (2010) 70(20):8097–107. doi:10.1158/0008-5472.CAN-10-1814
83. Lonetti A, Antunes IL, Chiarini F, Orsini E, Buontempo F, Ricci F, et al.
Activity of the pan-class I phosphoinositide 3-kinase inhibitor NVP-BKM120
in T-cell acute lymphoblastic leukemia. Leukemia (2014) 28(6):1196–206.
doi:10.1038/leu.2013.369
84. Bendell JC, Rodon J, Burris HA, de Jonge M, Verweij J, Birle D, et al. Phase
I, dose-escalation study of BKM120, an oral pan-Class I PI3K inhibitor,
in patients with advanced solid tumors. J Clin Oncol (2012) 30(3):282–90.
doi:10.1200/JCO.2011.36.1360
85. Gutierrez A, Pan L, Groen RW, Baleydier F, Kentsis A, Marineau J, et al. Phenoth-
iazines induce PP2A-mediated apoptosis in T cell acute lymphoblastic leukemia.
J Clin Invest (2014) 124(2):644–55. doi:10.1172/JCI65093
86. Guertin DA, Sabatini DM. Defining the role of mTOR in cancer. Cancer Cell
(2007) 12(1):9–22. doi:10.1016/j.ccr.2007.05.008
87. Wullschleger S, Loewith R, Hall MN. TOR signaling in growth and metabolism.
Cell (2006) 124(3):471–84. doi:10.1016/j.cell.2006.01.016
88. Loewith R, Jacinto E, Wullschleger S, Lorberg A, Crespo JL, Bonenfant D, et al.
Two TOR complexes, only one of which is rapamycin sensitive, have distinct
roles in cell growth control. Mol Cell (2002) 10(3):457–68. doi:10.1016/S1097-
2765(02)00636-6
89. Chan SM, Weng AP, Tibshirani R, Aster JC, Utz PJ. Notch signals positively regu-
late activity of the mTOR pathway in T-cell acute lymphoblastic leukemia. Blood
(2007) 110(1):278–86. doi:10.1182/blood-2006-08-039883
90. Gu L, Zhou C, Liu H, Gao J, Li Q, Mu D, et al. Rapamycin sensitizes T-ALL
cells to dexamethasone-induced apoptosis. J Exp Clin Cancer Res (2010) 29:150.
doi:10.1186/1756-9966-29-150
91. Teachey DT, Grupp SA, Brown VI. Mammalian target of rapamycin inhibitors
and their potential role in therapy in leukaemia and other haematological malig-
nancies. Br J Haematol (2009) 145(5):569–80. doi:10.1111/j.1365-2141.2009.
07657.x
92. Zhang C, Ryu YK, Chen TZ, Hall CP, Webster DR, Kang MH. Synergistic activity
of rapamycin and dexamethasone in vitro and in vivo in acute lymphoblas-
tic leukemia via cell-cycle arrest and apoptosis. Leuk Res (2012) 36(3):342–9.
doi:10.1016/j.leukres.2011.10.022
93. Wei G, Twomey D, Lamb J, Schlis K, Agarwal J, Stam RW, et al. Gene expression-
based chemical genomics identifies rapamycin as a modulator of MCL1 and
glucocorticoid resistance. Cancer Cell (2006) 10(4):331–42. doi:10.1016/j.ccr.
2006.09.006
94. Tamburini J, Chapuis N, Bardet V, Park S, Sujobert P, Willems L, et al. Mam-
malian target of rapamycin (mTOR) inhibition activates phosphatidylinositol
3-kinase/Akt by up-regulating insulin-like growth factor-1 receptor signaling in
acute myeloid leukemia: rationale for therapeutic inhibition of both pathways.
Blood (2008) 111(1):379–82. doi:10.1182/blood-2007-03-080796
95. Efeyan A, Sabatini DM. mTOR and cancer: many loops in one pathway. Curr
Opin Cell Biol (2010) 22(2):169–76. doi:10.1016/j.ceb.2009.10.007
96. Breuleux M, Klopfenstein M, Stephan C, Doughty CA, Barys L, Maira SM, et al.
Increased AKT S473 phosphorylation after mTORC1 inhibition is rictor depen-
dent and does not predict tumor cell response to PI3K/mTOR inhibition. Mol
Cancer Ther (2009) 8(4):742–53. doi:10.1158/1535-7163.MCT-08-0668
97. Meric-Bernstam F, Gonzalez-Angulo AM. Targeting the mTOR signaling net-
work for cancer therapy. J Clin Oncol (2009) 27(13):2278–87. doi:10.1200/JCO.
2008.20.0766
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 26 March 2014; paper pending published: 23 May 2014; accepted: 11 June
2014; published online: 08 July 2014.
Citation: Roti G and Stegmaier K (2014) New approaches to target T-ALL. Front.
Oncol. 4:170. doi: 10.3389/fonc.2014.00170
This article was submitted to Pediatric Oncology, a section of the journal Frontiers in
Oncology.
Copyright © 2014 Roti and Stegmaier . This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
www.frontiersin.org July 2014 | Volume 4 | Article 170 | 9
